Abstract-Glaucium flavum Crantz. is a short lived perennial herb distributed in coastal zones from the Black Sea to southern, western and north western Europe. Despite its diminishing area of distribution and potential pharmacological value, little is known about the ecophysiological features of this coastal species. We investi gated the photosynthetic performance of G. flavum by measuring gas exchange, chlorophyll fluorescence, photosynthetic pigment concentration and leaf water content over the space of a year in a coastal habitat of SW Spain. We also measured the variation in total concentrations of nitrogen, phosphorus, sulphur, potas sium, calcium and magnesium, in the leaves and soil, throughout the study period. G. flavum showed a high resistance to summer drought conditions which appeared to be due to the high degree of stomatal control. The potential photochemical efficiency of photosystem II showed minimum values during the winter, indi cating that low temperatures can produce negative effects within the photosynthetic apparatus. However, the marked decline in net photosynthesis during the winter seems to be mainly related to a loss of metabolic activ ity. Although leaf nutrient concentrations were, in general, within the normal ranges, phosphorus availability seems to be limited by the high calcium concentrations detected in the soil of the study site. Our study points out the efficiency of the different physiological adaptations of this rare and endangered coastal species in cop ing with the strong seasonal variability of the Mediterranean climate.
INTRODUCTION
The yellow horned poppy, Glaucium flavum Crantz., is a short lived latex bearing perennial herb. It is found mainly in calcareous soils on sand dunes, cliffs and shingle beaches from the Black Sea through southern and western to north western Europe (Scott, 1963) . Like many other plants of the family Papaver aceae, G. flavum contains benzyl isoquinoline alka loids, some of which have therapeutic properties (Kint surashvili and Vachnadze, 2000) . At present, G. flavum is included in various IUCN categories in certain parts of its distribution area (e.g. 'Critically Endangered' in Norway and 'Endangered' in Romania), and several authors have reported the retreat of its populations in many parts of Europe (e.g. Rappé, 1984; Prieto et al., 2007; Solås et al., 2007) .
In most of its distribution area, G. flavum is subject to the strong seasonal effects of the Mediterranean cli mate. This climate offers contrasting challenges for plant growth that oscillate between hot, arid summers with high irradiance and cool winters with irregular rainfall and episodic frosts (Figueroa et al., 1997) . The flora of coastal dunes, shingle and rocky beaches are also exposed to other adverse physical conditions, such as the influence of salt spray, lack of fresh water and/or nutrient scarcity (Packham and Willis, 1997) . Although recent studies under greenhouse conditions have indicated the high tolerance of G. flavum to certain potential stress factors (Cambrollé et al., 2011a, b) , little is known about the ecophysiology of this coastal spe cies in its natural habitat. The clear lack of information about the effects of environmental conditions on the performance of G. flavum and the cited reduction of its distribution area highlight the need to expand the knowledge about this Mediterranean coastal species.
The aim of this work was to describe the ecophysi ological features of G. flavum under natural condi tions. For this purpose, levels of gaseous exchange, chlorophyll fluorescence, photosynthetic pigments, leaf water content, and both foliar and soil concentra tions of nitrogen, phosphorus, sulphur, potassium, Seasonal Ecophysiology of an Endangered Coastal Species, the Yellow horned Poppy (Glaucium flavum Crantz) 1 calcium and magnesium were assessed monthly over the course of a year in a typical coastal habitat of SW Spain.
MATERIAL AND METHODS

Study Area and Sampling Procedures
The study was conducted in the joint estuary of the Odiel and Tinto rivers in Huelva, on the Atlantic coast of SW Spain (37°15′ N, 6°58′ W). The study site is a sand dune spit with gravel and calcareous shell deposits, which was selected as it supports one of the few existing populations of Glaucium flavum in south western Spain. The physicochemical properties of the soil are given in Table 1 . The climate is Mediterranean with an Atlantic influence (Marine Mediterranean Climate). Data for monthly rainfall and mean monthly temperature were obtained from the Huelva (Ronda Este) Meteorologi cal Station located next to the study site (Fig. 1) . Dur ing the experimental period, the climatic conditions were typical of the region: a summer drought occurred from June to July, when practically no rain fell and mean monthly temperatures reached maximum val ues. Winter was relatively wet, and the lowest temper atures were reached in this period.
Ecophysiological measurements were always car ried out on the same plants selected from the study site, and were taken on young rosette leaves of the same orientation relative to the light, to avoid effects of microclimatic variation. Measurements were taken from January to December 2007 with twelve sampling dates, one in the middle of each month, in order to study the photosynthetic performance and nutrient status of the plant in response to the strong seasonal variability of the Mediterranean climate.
Gas Exchange
Gas exchange measurements were taken monthly from the fully developed leaves of 10 plants randomly chosen in the field (n = 20, two measurements per plant), using an infrared gas analyzer in an open sys tem (LI-6400, LI-COR Inc., Neb., USA). All mea surements were taken at the same time of day, between 10 a.m. and 11 a.m., to eliminate any possible diurnal variation. Net photosynthetic rate (A), intercellular CO 2 concentration (C i ) and stomatal conductance of CO 2 (G s ) were determined at ambient CO 2 concentra tion of 365 μmol mol -1 , temperature of 20/25°C, 50 ± 5% relative humidity and photon flux density of 1000 μmol m -2 s -1 A, C i and G s were calculated using the standard formulae of Von Caemmerer and Farqu har (1981) .
Leaf Water Content
Leaf water content (LWC) of fully expanded rosette leaves from each plant (n = 20, two leaves per plant) was calculated every month as: LWC = (FW -DW)/FW × 100, where FW is the fresh mass of the leaves, and DW is the dry mass after oven drying at 80°C for 48 h (Medrano and Flexas, 2004) . Leaves were collected in the field, at the same time as gaseous exchange measurements were taken, and immediately transferred to the labora tory, where samples were processed.
Chlorophyll Fluorescence and Photosynthetic Pigments
Chlorophyll fluorescence was measured monthly in the field in the same 10 plants, in randomly chosen, fully expanded leaves (n = 20, two measurements per plant) using a portable modulated fluorimeter (FMS 2, Hansatech Instrument Ltd., England). Light and dark adapted fluorescence parameters were measured at dawn (stable, 50 μmol m -2 s -1 ambient light) and at midday (1600 μmol m -2 s -1 ) according to the method ology used by Cambrollé et al. (2011a) . The following parameters were calculated: maximum quantum effi ciency of PSII photochemistry (F v 
Nutrient Analysis
Rosette leaf samples, randomly chosen from the population, were collected every two months from January to November 2007 and taken to the laboratory (n = 5). In addition, samples from the uppermost 20 cm of soil (corresponding to an average rooting depth of G. flavum) were taken in areas where vegeta tion was absent (n = 5). Leaves were carefully washed with distilled water before any further processing or analysis. The soil and washed leaf samples were then dried at 80°C for 48 h and ground. Dried soil samples were ground and homogenized by sieving through 2 mm 2 nylon mesh in order to remove large stones and dead material. Plant samples (0.5 g; n = 5) were digested with 6 mL HNO 3 , 0.5 mL HF and 1 mL H 2 O 2 , while soil samples were digested with 2 mL HNO 3 , 1 mL HF and 5 mL H 2 O 2 . P, S, K, Ca and Mg contents of all samples were then measured by inductively coupled plasma (ICP) spectroscopy (ARL Fison 3410, USA). Total N concentrations were determined for undi gested dry samples with an elemental analyzer (Leco CHNS 932, Spain).
Statistical Analysis
Statistical analysis was carried out using Statistica v. 6.0 (Statsoft Inc.). Pearson coefficients were calcu lated to assess correlation between different variables. Seasonal variations were analyzed using a one way analysis of variance (F test). Significant test results were followed by Tukey tests for identification of important contrasts. Differences between measure ments of fluorescence at dawn and midday were com pared by the Student test (t test). Data were first tested for normality with the Kolmogorov Smirnov test and for homogeneity of variance with the Brown Forsythe test.
RESULTS
Gas Exchange
Net photosynthesis rate (A) showed a significant seasonal pattern, with the lowest values in January and July (ANOVA, p < 0.001). This parameter progressively increased from the beginning of the year to reach an annual peak in April (r = 0.74, p < 0.0001). A declined to about 50% from April to July and increased again in September, maintaining similar values until the end of the year (Fig. 2A) . Stomatal conductance rate (G s ) showed a trend similar to that of A. Intercellular CO 2 concentration (C i ) showed little differences through out the year, but decreased in June reaching a mini mum value in July (Fig. 2C) .
Leaf Water Content
Leaf water content was almost constant in autumn and winter (~82%), and showed maximum values in April and September. LWC decreased slightly in June and July reaching a minimum value in August (~10% lower than the maximum values) (Fig. 3) . 
Chlorophyll Fluorescence and Photosynthetic Pigments
The potential photochemical efficiency (F v /F m ) at midday showed maximum values in April and Septem ber and minimum values in January and February. However, these seasonal contrasts were not found to be significant (ANOVA, p > 0.05). Seasonal variations of F v /F m were significant at dawn, reaching minimum values in January and February (ANOVA, p < 0.01). F v /F m was lower at midday than at dawn (t test, p < 0.001) (Fig. 4A) . The reduction of dawn F v /F m during winter months was the result of an increase in F 0 , while F m was maintained at a stable level (data not pre sented).
Quantum efficiency of PSII (ΦPSII) at dawn was directly correlated with A (r = 0.70, p < 0.05). Midday ΦPSII showed no clear seasonal variations (ANOVA, p > 0.05), with values remaining around 0.38, and showed an annual peak in April and minimum values in January and February. ΦPSII was always lower at midday (t test, p < 0.001; Fig. 4B ). Non photochem ical quenching (NPQ) at midday showed maximum values from January to April but decreased in May, maintaining similar values until the end of the year; dawn values showed no clear seasonal variations throughout the study period (Fig. 4C) .
Pigment concentrations showed significant varia tions throughout the study period with maximum values during April and October and minimum values in July (ANOVA, p < 0.001 in both cases). Chlorophyll a+b showed values ranging between 5.02 and 3.02 μg g -1 , while the measurement of carotenoids Cx + c, produced values of between 1.24 and 0.67 μg g -1 (Figs. 5A -5B).
Nutrient Analysis
Soil N concentrations ranged from 0.04 to 0.12% (Fig. 6A) . P, S and K concentrations showed no sea sonal contrasts throughout the study period with values remaining around 0.25, 0.32 and 3.97 mg/g, respec tively (Figs. 6B-6D ). There were significant differences in Ca and Mg concentrations between sampling dates (ANOVA, p < 0.001 in both cases). Soil Ca and Mg con centrations ranged from 38.73 to 95.14 mg/g and from 0.51 to 1.67 mg/g, respectively (Figs. 6E-6F ). Leaf N and S concentrations showed significantly lower values in July than those observed throughout the rest of the year (ANOVA, p < 0.001 in both cases), and showed maximum values in September and May, respectively (Figs. 6A, 6C ). Minimum P concentra tions were found in November and January but increased in March, maintaining similar values for the rest of the year (ANOVA; p > 0.05; Fig. 6B ). K con centrations showed maximum values in May and then decreased to minimum values in September (Fig. 6D) . Ca concentration showed no clear seasonal variations during the year, with values ranging between 21.8 and 46.8 mg/g (Fig. 6E) . In contrast, there was a marked increase in foliar Mg concentration from January to November (r = 0.72, p < 0.0001; Fig. 6F ).
DISCUSSION
Throughout the study period, gas exchange and chlorophyll fluorescence parameters, as well as leaf water content, photosynthetic pigment and leaf nutri ent concentrations varied markedly among seasons. Many studies on Mediterranean species have shown seasonal adjustments in these parameters as a conse quence of the marked seasonality of the Mediterra nean climate (e.g. Karavatas and Manetas, 1999; Gulías et al., 2009 ).
Photosynthetic Performance and Water Relations
The data show a seasonal pattern of strong depres sion of gas exchange and stomatal conductance during summer and winter, with maximum values reached during spring and autumn, the periods associated with highest water availability. This pattern suggests stoma controlled gas exchange triggered by variations in water soil availability, a mechanism commonly found in Mediterranean vegetation (Chaves, 1991) . Values of net photosynthesis and stomatal conductance were within the range of those reported by other authors in different species living in the Mediterranean region (e.g. Gratani, 1995; Llorens et al., 2003; Gulías et al., 2009) .
The summer depression of net photosynthesis appeared to be due to a reduction in intercellular CO 2 concentration (C i ), which can be explained by the drastic decrease in G s in response to summer drought. The marked reduction in gas exchange rates concur rent with a lack of drastic decline in LWC during the early summer indicates that G. flavum behaves as a drought avoiding species, with a high stomatal sensi tivity to slight decreases in tissue water content (Levitt, 1980) . This agrees with Davy et al. (2001) who sug gested that stomatal regulation may be extremely effi cient in this kind of coastal species. Our results showed that net photosynthesis rate was reduced in winter, reaching a minimum value in January, the coldest month of the year. The marked decline of stomatal conductance in the absence of important changes in C i , indicates that the reported reduction in photosyn thetic activity during the cold season could be partially due to a winter reduction of demand for C, as well as to effects on photosynthetic apparatus (Lambers et al., 1998) . Under laboratory conditions, PSII electron transport and CO 2 fixation can correlate very well (Genty et al., 1989) . Although this correlation can break down under field conditions (Maxwell and Johnson, 2000) , we found that the general pattern of seasonal variation in A was similar to that of dawn ΦPSII. In winter, this parameter reached minimum values as a consequence of the increase in NPQ, which indicates that the plants dissipated light as heat, thus protecting the leaf from light induced damage (Max well and Johnson, 2000) .
Photoinhibition is caused by damage to photosyn thetic components: the effect can be short term and reversible (dynamic photoinhibition) or long term and irreversible (chronic photoinhibition; Werner et al., 2002) . During summer, both drought and excess light can affect plant carbon assimilation. However, F v /F m remained close to the optimal values given by Björkman and Demmig (1987) , even during the months with the most severe conditions in terms of light, temperature and water deficit, showing that photoinhibition was not responsible for the summer depression of net photosynthesis. Our results indicate that drought must dominate over excess light as a lim iting factor under summer conditions. Low tempera tures affect plant survival by three processes: loss of metabolic activity (chilling stress) (Mc Kersie and Desker, 1994) ; ice formation within the tissues (freez ing stress) (Guy, 1990) ; and the overexcitation of the photosynthetic apparatus (photochilling stress) (Wise and Naylor, 1987) . Scott (1963) reported that frost has little effect on Glaucium flavum. Our data reflect that F v /F m recovery from the midday decline in winter, when temperatures reached seasonal minimum val ues, thus indicating an accumulation of photodamage (Osmond, 1994) . This decline of F v /F m , which was mainly caused by higher values of F 0 , could be ascribed to the reduction in energy transfer from the collecting antennae of the PSII to the reaction centres, which may be related to the reported winter decline in chlo rophyll (Chl) contents. Similar decreases in Chl con tent have been found in many other species of the Mediterranean region (e.g. Ain Lhout et al., 2004) . Nonetheless, there is no evidence to affirm that pho toinhibition is the likely cause of decreased photosyn thesis during winter, since the F v /F m values remained near the optimum 0.8 for unstressed plants during this season (Björkman and Demmig, 1987) . Despite the reported decline in chlorophyll fluorescence parame ters, our results suggest that the marked reduction in photosynthetic activity during the cold season may be mainly due to a loss of metabolic activity. The high photosynthetic performance in spring may be associated with the optimal environmental conditions of temperature and humidity, which allow the plant to maintain high tissue water content and develop the structures to produce a large number of fruits. Despite the summer decline in gas exchange, our results concur with previous studies that report the 
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ability of this species to withstand drought (Scott, 1963) : net photosynthesis rate remained higher than 7 μmol m -2 s -1 and chlorophyll fluorescence parame ters showed insignificant decreases during this season. In addition, the plant develops bracts in its flowering stems during the dry season. These structures showed a photosynthesis rate ranged between 3.08 and 5.58 μmol CO 2 m -2 s -1 during the summer months (data not showed), thus contributing to maintain the necessary carbon gain to support the developing of new flowers and fruits during the severe conditions of the Mediterranean summer. In autumn, G. flavum showed a high photosynthetic rate which allowed the plant to acquire and accumulate the resources neces sary to withstand the winter conditions.
Nutrient Status
It is generally accepted that the transport of nutri ents in plants by the transpiration flux is the most important mechanism for a large proportion of water and nutrient transport availability (Marschner, 1995) . Despite the low nutrient status of the study site (see Mengel and Kirkby, 1982) , G. flavum showed leaf con centrations within the average parameters reported for plants in general by Markert (1992) , and showed no visible symptoms of nutrient deficiency in the field (J. Cambrollé, pers. obs.) . This could be ascribed to the creation of a large flow of nutrients towards the rhizosphere and/or the possibility of an additional source of nutrients. It is known that species from infer tile environments tend to be more proficient at nutri ent retranslocation, compared to those from fertile environments (Aerts and Chapin, 2000) .
Earlier studies have reported that leaf concentra tions of mobile nutrients (e.g., N, P, K) normally show a decline over time, e.g., from spring to autumn (Maier and Chvyl, 2003) . The results show a decrease in foliar N and K concentrations from spring to sum mer, which may be related to the translocation of these mobile minerals to different sink organs (e.g. flowers and fruits). Leaf sulphur concentration also showed important variation throughout the year, suggesting a high phloem mobility of this element in G. flavum. On the other hand, both plant tissue and soil concentra tions of Ca exceed the average contents reported by Market (1992) . This is likely to be a consequence of the quantity of shell fragments present in the soil, due to the marine origin of the study site (Borrego et al., 2000) . The low phloem mobility of this element was reflected in the very slight variations in foliar Ca con centration recorded over the year. The increase in foliar Mg from the beginning of the year to November may reflect an accumulation effect, linked to leaf age, as a consequence of low levels of Mg mobility in the phloem. Phosphorus is an important factor limiting plant growth and may be in short supply in this kind of habitat (Packham et al., 2001) . Our data showed that leaf P concentrations were lower than those consid ered sufficient for optimal growth by Marshner (1995) . In the soil of the study site, which shows a basic pH (see Table 1 ) and a high Ca content, phosphorus may be present as calcium phosphate (Kooijman et al., 1998) . Therefore, P availability may be limited because of the low solubility of calcium phosphates in alkaline conditions (Mengel and Kirkby, 1982) . In this context, P uptake by G. flavum may be dependent on the ability of the plant to modify the rhizosphere sur rounding the root surface (e.g. by excretion of organic components that reduce pH or by the secretion of phosphatase enzymes; Marschner, 1995) . The marked reduction of foliar P in January and November may be partially ascribed to a reduction in the energy demand of the plant, as consequence of the loss of metabolic activity in the cold season.
CONCLUSIONS
Our study highlights the efficiency of the different physiological adaptations of this coastal species in coping with the strong seasonality of the Mediterra nean climate. Our results suggest a high degree of sto matal control, which, along with the other morpho logical features previously described, allows this spe cies to withstand the summer conditions by minimizing exposure to stress in its tissues. In our study, the marked decline in net photosynthesis during the winter seems to be mainly related to a loss of met abolic activity. Nonetheless, the potential photochem ical efficiency of PSII showed minimum values during this season, indicating that low temperatures can pro duce negative effects within the photosynthetic appa ratus of G. flavum. The low concentrations of foliar phosphorus, which may be related to the low availabil ity of this element in the calcareous soils where the species usually grows, indicate that this macronutrient could be an important limiting factor for G. flavum in this kind of habitat.
